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GLOSSARY OF SYMBOLS 
Definition 
Thrust Acceleration/32.17 
Altitude 

Radial Position 
Time 
Position in Rectilinear Coordinates 
Velocity in Rectilinear Coordinates 
Flight Path Angle 
Pitch Angle 
Roll Angle 
Yaw Angle 
Visibility margin measured from the window lower or 
upper e Q e  to the LOS to the Landing-Site or 
horizon 
Gravity constant of the moon 

The angle between the z-Body Axis and the LOS to 
the horizon or to the landing-site 

* 

Unit 
uni tles s 

ft. or n. mi. 

ft. or n. mi. 
see. or minutes 
ft. 

- 

ft/sec 

degrees 
degrees 
degrees 
degrees 

degrees 

ft3/sec 

degrees 
Slant range between LEN and the CSM 

Slant range-rate between LEM and the CSM 

ft. or n. mi. 
fps. 

Central angle measured in the plane of the 
trajectory degrees 
Rate of change of central angle measured in the 
plane of the trajectory ' deg/s c c 
Line-of-sight angle measured in the xz-body axis 
plane from the z-body axis to the projection 
of the LOS on the xz-body axis plane, Rendezvoue R a w  
Shaft Angle degrees 
Line-of-sight angle measured from the xz-body 
axis plane to the LOS, Rendezvous Radar Trunion 
Angle degrees 
Elevation angle measured between the stable 

degree8 member z-Axis and the MS to the CSM 
Surface Range ft. or n. mi. 



v. LE24 Normal Error Performance 

Normal error performance is the likely trajectory deviations from the n m -  
inal trajectory caused by in-tolerance errors in the following categories; 
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Initiation of the navigation system - Prior to 
separation of the LEV f?\>m the CSM, the commm.1 
module navigation data is transferred to the LEN. 
The transferre5 inforrna5ion on the velocity and 
position is used as initial conditions to the LEN 
integrating inertial system. This data is only as 
accurate as the estimated CSM orbit via the orbital 
navigaf,ion teckiilique. 

Navigation system sensor errors  - This group of error 
soinxes includes such incertainties as the alignment 
of the IMU, platforn drift rates and rekr  accuacies. 

E r r o r s  in execution - mis group of errcrs includes 
the uncertainties in the thrust and attitude from 
the levels commanded by the guidance system. 

The combined effecbof all the errors scwces presented under the three 
categories brieflyidentified above are analyzed using a linear statistical 
error technique developed at GAEC. 
detail the mathematical theory used as a basis to generate the data preser,- 
ted in this section. 
formed on the powered descent trajectory are presented.* Future trajectory 
reports will include the results of studies on all phases of the LEM mission. 
A. Erro r  Sources 

References V - 1  thru V-8 discuss in 

At this time, only the results of an analysis per- 

in the form of a covariance matrix in which the diagonal term6 are the 
variancesin the components of position and velocity, and the off-diagonal 
terms a r e  the covariances. The off-diagoral terms indicate the correlation 
between the errors on the diagonal. The matrix is referenced to the 
stable member axis systzm; that is, starting at the upper left harid 
clement of the matrix, aid in successive order, the variances in the 
qosition along the x, y and z &XIS, and i n  the velocity along the x, y 

dtrrir,g fi-3;C'?b?c. inse1.t i o t h  w i i l  cau: i\ inc*r*char'cs in errors along the p3wcre"l 
deslcer. t i'rm those pr?dwted in thi;: r i .port .  

+ Errors caused b u r  r w J  Lcrx,cJr (!rrors3, I , i n l i  rig e~rors arili control execution ~ r - 1 ' : ~  
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characteristics of the last 10 seconds of the trajectory are not 
available. However, the total deviation in fuel consumption required 
f o r  correction of guidance errors should be approximately equal to the 
last value recorded on figure V.C-7. The additional fuel required for 
correction of guidance errors, assuming normal error performame, is 
30 lbs. (3 sigma). 

Figure V.C-8 thru V.C-15 present the weighting factors used during the 
two update periods. (270St 5290 ,  a 5 0  St S430) 
were generated using an optimum technique for minimizing the variance in 
a linear combination of inertial and radar information. (see Reference 
v.C-8). This technique is sometimes referred to as "Linear Filtering" 
or "Kalman Filtering. ' I  

These weighting factors 

VI. Summary of Normal Error Performance 

Only errors  accrued along the powered descent trajectory have been 

velocity and fuel cccsmption at the hover point are: 
- presented in this report. The 1 ~ -  errors in the LF51 position, 

Altitude = 25 ft (lr) 
Domange = 2850 ft (1 ol> 
Cross track = 785 ft (lo-) 
Vertical velocity = 1.5 ft/sec (la) 
Horizontal velocity = 1.8 ft/sec (1 a", 
Cross track velocity = 1.5 ft/sec (143 
Fuel consumption = 10 lbs (16) 

Future errors studies on the powered descent trajectory w i l l  include 
the primary navigation and guidance update procedure and the errors 
caused by sensor errors during the insertion. Other phases of the 
LEM mission will also be treated. 
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C. Error Results 

When d i scuss ing  t h e  e r r o r s  i n  p o s i t i o n  and v e l o c i t y ,  a s u b s c r i p t  "I" denotes  
an u n c e r t a i n t y  i n  t h e  naviga t ion  system and a variable without  a s u b s c r i p t  
denotes  a t r a j e c t o r y  dev ia t ion  from t h e  nominal. All e r r o r s  i n  s ta te  
(e .g .  v e l o c i t y  and p o s i t i o n )  are re ferenced  t o  t h e  stable member axis 
system. 

F igure  V.C-1  i s  a time h i s t o r y  of t h e  olne sigma uncertair i ty  i n  naviga t ion  
information and of one sigma t r a j e c t o r y  dev ia t ions  i n  t h e  x -ax i s  d i r e c t i o n .  
As t h e  l a n d i n g - s i t e  i s  approached, t h e  x-ax is  e r r o r s  c l o s e l y  approximate 
e r r o r s  i n  a l t i t u d e .  For t h e  f irst  270 seconds i n t o  t h e  powered descent ,  
t h e  t r a j e c t o r y  dev ia t ions  me approximately equal  t o  t h e  - m c e r t a i n t i e s  i n  
t h e  i n e r t i a l  system. This  should be expected s i n c e  t h e  guidance l a w  i s  
us ing  informat ion  from t h e  naviga t ion  system t o  genera te  t h e  v e h i c l e  c o n t r o l  
commands. 
made by mixing landing-radar  and i n e r t i a l  information.  
naviga t ion  accuracy i s  immediately introduced.  Ho::ever, t h e  trs j e c t o r y  
dev ia t ion  s lowly reduces t o  t h e  accuracy of t h e  nav iga t ion  system a t  t h e  
end of t h e  Fuel Optimum Phase. 
an improvement i n  t h e  i n d i c a t e d  state i s  aga in  made r e s u l t i n g  i n  an  a l t i tude  
u n c e r t a i n t y  and t r a j e c t o r y  deviatioln at  t h e  hover of approximately 25 f t  (1 cr). 
The f i n a l  e r r o r  i n  a l t i tude  can be improved if t h e  updat ing procedure i s  
cont inued futher i n t o  t h e  t r a j e c t o r y  than  was done f o r  th i s  a n a l y s i s .  

A t  270 seconds ( o r  approximately 25,000 f t  a l t i tude) ,  an update i s  
An improvement i n  t h e  

A t  t h e  beginning of t h e  Vi s ib i1 i t . y  Phase, 

F igure  V.C-2 p r e s e n t s  the naviga t ion  u n c e r t a i n t i e s  and t r a j e c t o r y  dev ia t ions  
i n  v e l o c i t y  a long  t h e  stable member x-axis. A f t e r  t h e  f i r s t  update 
per iod ,  a,n i nc rease  i n  v e l o c i t y  
t o  t h e  guidance response t o  a de tec t ed  e r r o r  i n  a l t i t u d e .  
v e l o c i t y  response can be eXpected dur ing  t h e  second update phase.  

dev ia t ion  of 14.5 f t / s e c  i s  expect.ed due 
A l ess  severe 

Figure  V.C-3  p r e s e n t s  t h e  e r r o r s  i n  t h e  y and z d i r e c t i o n .  The y-axis  
corresponds t o  c ros s  t r a c k  a t  t h e  l and ing- s i t e ,  and t h e  z -ax is  corresponds 
t o  down range.  No improvement i n  down range o r  c ros s  t r a c k  accxracy can 
be expected due t o  an update .  However, t h e  rate of i nc rease  i n  t h e  
l i k e l y  p o s i t i o n  e r r o r s  i s  stopped. The update i n  v e l o c i t y  a long  t h e  y and 
z axes prevents  any f u r t h e r  i nc rease  i n  p o s i t i o n  m c c r t a i n t i e s .  

F igu re  V.C-4  shows t h e  naviga t ion  u n c e r t a i n t i e s  and t r a j ec t c j ry  dev ia t ions  
i n  t h e  v e l o c i t i e s  a long  t h e  y and z axes. The inc rease  i n  z -ax is  v e l o c i t y  
t r a j e c t o r y  deviat iorfs  i s  due t o  t h e  t h r u s t  u n c e r t a i n t i e s .  

F igu re  V.C-5 i s  a t i m e  h i s t o r y  of t h e  expected dev ia t ions  i n  t h e  t h r u s t  
command s i g n a l  from t h e  nominal. A t  each d iscont inui t ,y  p o i n t  i n  naviga t ion  
information,  a corresponding d i s c o n t i n u i t y  i n  t h e  t h r u s t  command i s  l i k e l y .  
The maximum of lc t h r u s t  dev ia t ions  i s  260 l b s  and can be expected t o  
occur  p r i o r  t o  i n i t i a t i o n  of W. 
d e v i a t i o n  i n  a t t i tude command s i g n a l s .  The maximum of l c ~  a t t i t u d e  dev ia t ions  
occurs  a t  270 seconds i n t o  t h e  powered descent  t r a j e c t o r y ,  and has  a 10- 
value a t  t h a t  t i m e  of 2.9 degrees .  

F igure  V.C-6 shows t h e  expected 

F igure  V.C-7 p re sen t s  t h e  expected d e v i a t i o n  i n  fue l  consmLption a long  
t h e  descent  t r a j e c t o r y .  A t  t h i s  t i m e ,  methods of ana lyz ing  t h e  e r r o r  

~ _ _  ~~~ - 
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and z axes of the stable mem6er coordinate system are defined. This 
covariance matrix was obtained by propagating the covariance matrix, 
representing the orbital navigation uncertainties, from inszrtion to 
the pericynthion. The orbital navigation uncertainties at insertion 
were obtained through correspondence with MIT/IL 
At insertion, the uncertainties were given as: 

(Reference V-9 ) . 

A1 t i t ude 770 ft (1 sigma) 
Down Range 2380 ft (1 sigma) 
Cross Track 673 ft (1 sigma) 
Vertical Velocity 1.71 ft/sec (1 sigma) 
Horizontal Velocity .56 ft/sec (1 sigma) 
Cross Track Velocity .552 ft/sec (1 sigma) 

for the MIT/IL "Model-2'' orbital namigation technique. (Reference V-10). 

The variances in the trajec€ory state deviations from t4he nominal at 
powered descent initiation are assumed to be 10% larger in magnitude 
than the variances of errors in the navigation system, and are assumed 
to have approximately 9O$ correlation with the navigation uncerta.int.ies . 
The high correlation asserts that trajectory deviations at pericynthion 
of the descent orbit are primarily due to the uncertainties in navigation. 
The magnitude of the trajectory deviations are assumed to be slightly 
larger to account for possible errors in the execution of the insertion 
maneuver. A detailed account of the meaning of the correlation of the 
navigation uncertainties with trajectory deviations can be found in 
reference V-7.  

Table V-2 presents the IMlJ sensor errors considered in the analysis. 
The one sigma values quoted in Table V-2 were taken from an MIT/IL 
documentation of the inertial system performance pr?sented in reference 
V-11. The methods by which sensor errors are incorporated into a linear 
statistical error analysis canbe found in reference V-3. 

TABLE V-2 

IMU SENSOR ERRORS (1-Sigma Valces) 
2 Accelerometer zero bias 

Accelerometer scale factor error = 100 ppm 
Accelerometer sensitivity ( lSt order) 
Scale factor- error 
Initial stable member 

Fixed Drift Rate 

= .2 cm/sec 

= 10 ppm/g 

Misalignment = .82 
= .15 deg/hr. 

Table V-3 presents the errors in execution assumed in the analysis. 
0.1 degree ( 3 ~ )  uncertainty in attitude control is attributed to the 
RCS dead band. A 100 lbs. ( 3 6 )  thrust uncertainty is attributed to 
engine throitle resolution. 

A 
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FACE 1 R 

ERROR IN EXECUTION 

(3-sigma 1 

A t t i t u d e  E r r o r s  
Thrust Er ro r s  

= .1 deg. 
= 100 lbs  

The e r r o r s  quoted i n  t h e  PNGS requirements (Reference V-12) f o r  t h e  
landing  r a d a r  were used i n  t h e  a n a l y s i s  of t h e  l a t t e r  P o r t i o n s  of t h e  
powered descent  t r a j e c t o r y .  The r a d a r  e r r o r  i n  t h e  measurement of 
a l t i t u d e  i s  assumed t o  be one percent  of t h e  v e h i c l e  a l t i t u d e  o r  5 f t ,  
which ever i s  g r e a t e r  
of t h e  v e h i c l e  v e l o c i t y  or 1 f t / s e c ,  which ever i s  grea te r (  3 d  
c e r t a i n t i e s  f o r  t h e  r a d a r  are ca l cu la t ed  us ing  t h e  ass -mpt ion  of a 
smooth luna r  sur face  wi th  a r ad ius  equal  t o  t h e  mean. 
s u r f a c e  v a r i a t i o n s  will be s tudied  i n  t h e  f u t u r e .  

( 3 0 ) .  The v e l o c i t y  e r r o r s  are assumed t o  one percent  
The un- 

"he e f f e c t s  of 

B. N & G Opera t iona l  Procedures 

For  powered descent ,  the naviga t ion  and guidance procedures  a s s m e d  i n  
the e r r o r  a n a l y s i s  are i n  chronological  order :  

1. 

2. 

3. 

4. 

5. 

6. 

7. 

Alignment of t h e  IMU us ing  t h e  AOT i s  made 
f i f t e e n  minutes p r i o r  t o  t h e  i n i t i a t i o n  of powered 
descent .  
t h e  i n i t i a t i o n  of powered descent  i s  0.82 m i l l i -  
r ad i ans .  (lr ) . 

The unce r t a in ty  i n  t h e  alignment a t  

The i n e r t i a l  naviga t ion  system i s  used t o  supply 
t h e  descent e x p l i c i t  guidance equat ions  wi th  
information r equ i r ed  t o  genera te  c o n t r o l  s i g n a l s  
t o  t h e  RCS. 

A t  270 seconds i n t o  t h e  powered descent  t r a j e c t o r y  
(approximately 25,000 f t  a l t i t u d e ) ,  an'  update of t h e  
i n e r t i a l  system i s  made us ing  informat ion  on a l t i t u d e  
and m l o c i t y  from t h e  landing  r a d a r .  

Radar - I n e r t i a l  Mixing i s  te rmina ted  a t  t = 290 
seconds i n t o  t h e  powered descent .  

From 290 seconds t o  t h e  end of FOP, i n e r t i a l  
information i s  used exc lus ive ly .  

From t h e  beginning of t h e  VP t o  430 seconds, 
mixing of radar - and i n e r t i a l  in format ion  i s  
.again made. 

From t = 430 seconds t o  t h e  end of VP, i n e r t i a l  
information i s  used exc lus ive ly .  
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